A high density plasma source using helicon discharge was designed for the measurement of the population ratio of the metastable state and ground state in a helium neutral beam. The required density of the plasma source was investigated in terms of the rate coefficient relevant to the beam-plasma interaction. The charge-exchange for the metastable state is a dominant process in a beam-energy range of 30-300 keV for the beam attenuation, promising the measurement of the metastable fraction in the helium neutral beam using this plasma source. The first plasma with the electron density of 3.4 × 10 12 cm −3 and the electron temperature of 10 eV was successfully produced in argon gas.
Introduction
In some types of plasma diagnostics, the production of atomic beams without the metastable states are required. Because in general the metastable atoms have lower ionization potentials than those of the ground state, beam attenuation can be stronger than expected without them. Recently, alpha particle diagnostics using a helium neutral beam were designed for the international thermonuclear fusion experimental reactor (ITER) [1] . In the method, the diagnostic beam neutralizes alpha particles by the double charge-exchange process; fast helium atoms are suitable as components of the diagnostic beam. The issue of the metastable state is thus considered to be unavoidable.
Sasao et al. [2] proposed a helium neutral beam for such a fast beam application, in which the helium neutral beam is produced not directly from the charge exchange of a positive beam but from autodetachment of a negative ion beam, where the negative ion beam is converted from a positive ion beam through an alkali vapor cell [3, 4] . In this method, almost all neutral helium atoms are expected to be in a ground state [5] . However, few reports have experimentally verified a metastable fraction after autodetachment. Experimental research has recently been started in which a helium neutral beam is produced using the above-described method for proof of principle [6, 7] . Evaluation of the metastable fraction in the helium neutral beam is a task in the proof of principle experiment. We have been developing two complementary methods. One is laser absorption spectroscopy using a diode laser [8, 9] , which is more accurate for obtaining the absolute value of metastable population density. However, obtaining inforauthor's e-mail: atsushi.okamoto@qse.tohoku.ac.jp mation on the ground state using the diode laser is difficult.
The other method is measurement of beam attenuation in a plasma. The fraction of the metastable state in the helium neutral beam is deduced experimentally from beam attenuation. In comparison with the measurement of beam attenuation in a gas cell, the measurement in a plasma has an advantage; there is a larger reaction rate of electron stripping in the plasma than in the neutral gas in the same density. In terms of the availability of reliable collisional cross-sections with helium atom, helium plasma is suitable for the attenuator. An issue in the plasma-attenuation method is production of a sufficiently dense plasma. Although many methods are available for the production of high density plasmas, the structure of electrode or antenna is limited so that the neutral beam can penetrate through the high density plasma. Helicon discharge using a cylindrically or axially winded antenna [10] [11] [12] [13] [14] is a candidate of the plasma production, which produces high density plasma and enables the beam to pass through the plasma.
We have developed a high density plasma-source for the measurement of the metastable (He * ) component mixed in a ground state (He 0 ) helium-neutral beam. In this paper, the calculation of beam attenuation in a plasma and development of the plasma source are described. Atomic processes resulting from a helium-neutral beam-injection into a helium plasma is described in Sec. 2, where the requirement on the target plasma is also considered. In the next section (Sec. 3), the design concept of an experimental device is described. The experimental result on plasma production is shown in Sec. 4, followed by a summary in Sec. 5.
Requirement of the Target Plasma Source

Beam attenuation in a plasma
The fraction of a metastable state, n * /(n 0 + n * ) in a helium neutral beam is derived from the beam intensity, where n 0 and n * are the population density of the ground state and metastable state of the helium atoms. We can measure the total intensity of the mixture beam before and after passing through the target plasma, respectively;
and
where v b , l, σv , and n T are the beam velocity, the length of the plasma, rate coefficient of each reaction, and the target density related to the reaction, respectively. The summations in Eq. (2) inel. n T σv l/v b for the ground state beams, respectively. On the other hand, the attenuation factor for the elastic component, γ = elastic n T σv l/v b , is a common factor. The beam intensity after passing through the plasma is then
Finally, the fraction of the metastable state is obtained as follows:
From Eq. (3) we can see that the attenuation by elastic collision degrades the sensitivity of the measurement of the metastable fraction against beam attenuation.
Atomic processes
The helium neutral beam, which consists of ground state helium atoms (1 1 S , He 0 ) and metastable helium atoms (2 3 S , He * ), interact with ions, electrons, and atoms in a plasma. The beam energy designed for the proof of principle experiment is approximately 100 keV. In the present study, helium plasma is considered to be an attenuator because of the advantages in the production of high density plasma and in the availability of abundant atomic data. Thus, the target plasma consists of helium ions (He + ),
electrons (e), and residual helium atoms (He 0 ). The presence of doubly charged helium ions (He 2+ ) is negligible, because low temperature (T e ∼ 10 eV) plasma is treated in this paper. The population density of metastable states in the residual atoms is also negligible compared with the plasma density. The atomic processes related to the interactions between the helium beam and the helium plasma are dominated by the following reactions.
The electron impact collisions result in ionization (Eqs. (4),(6)) or (de-)excitation (Eqs. (5), (7)) of the beam particle;
where the first terms in the left hand side represent the beam component, which collide to the target as shown in the second term. The parameterized expressions of crosssections for those reactions are taken from Ref. [15] . Although those reaction rates depend on electron temperature, the variation of the electron temperature in the low temperature regime (T e ∼ 5-10 eV) is not significant. Some inelastic collisions by the ion impact result in electron stripping of the beam particle;
where Eqs. (8) and (10) stand for ionization, and Eqs. (9) and (11) stand for the charge exchange processes. The ionization cross-sections are obtained with the aid of mass ratio scaling; σ i (E) = (m e /M e )σ e (E). The charge exchange between the ground state atom and ion (Eq. (9)) is represented by Ref. [16] , while n 0 4 -scaling [17] is used for the charge exchange between the ion and metastable atom (Eq. (11)). Elastic collision by ion impact is described in the next paragraph. Although the ion impact excitations are not explicitly treated in this paper, the effect of those reactions is as small as the effect of the electron impact excitations.
Atom impact collisions (He 0 + He 0 , He * + He 0 ) are treated as elastic collisions. Part of the ion impact collisions (He 0 + He + , He * + He + ) also result in elastic collisions. For simple discussion, these elastic collisions are evaluated using Rutherford scattering cross-section. The cross-section for elastic collision is determined from the geometrical scattering angle. The reaction rates σv of those interactions are derived from integration of the collisional cross-section in relative velocity space σ(v) for each atomic process; σv = σ(v)v f (v)dv, where f (v) is the velocity distribution function. As for interactions of the beam particle with ions and atoms in the plasma, the relative velocity is almost the same as the beam velocity. The reaction rates are then represented by σv = σ(v b )v b . On the other hand, a beam velocity of 2.2 × 10 6 m/s, which corresponds to the beam energy of 100 keV, is comparable to 059-2 the electron thermal velocity in the electron temperature T e = 14 eV. In order to obtain the reaction rate for the interactions with electrons, the relative velocity distribution function should be treated as a shifted Maxwellian. The reaction rates are calculated as a function of the beam energy. The result in a typical electron temperature (T e = 10 eV) is shown in Fig. 1 . The reaction rate of electron impact (de-)excitation (1 1 S − 2 3 S ) in Fig. 1 (a) (Fig. 1 (b) ) suggests that the (de-)excitation processes give a negligibly small contribution to the total reaction rate. The ioniza- tion rate due to the ion impact is asymptotically close to that due to electron impact in the high energy range. The dashed-double dotted line represents the reaction rate of elastic collision between a beam particle and a target particle. The line representing the elastic collision corresponds to that with a scattering angle of χ = 1.0 × 10 −3 radian.
When the beam energy is higher than 300 keV, the total reaction rate for the ground state comes close to that for the metastable state. Thus, measuring the metastable fraction at that energy regime is difficult. On the other hand, in a lower energy regime (≤ 30 keV), the effect of elastic scattering is expected to reduce the signal to noise (S/N) ratio. Thus, the energy range 100-200 keV is suitable for the measurement. In this energy regime, the dominant process is charge exchange between the beam particle and the ion in the plasma for both the metastable and ground state beam. The total reaction rate of electron loss for the metastable beam ( Fig. 1 (b) ) is more than one order higher than that for ground state ( Fig. 1 (a) ) in this energy regime.
Result of the evaluation
From the energy dependence of the rate coefficients described above, the mean free path of the total attenuation, ( n T σv /v b ) −1 , is obtained. The reciprocal form of the mean free path is plotted as a function of the beam energy in Fig. 2 . Because only the elastic collision includes neutral density in the target density, n T = n i + n n , the mean free path of the elastic collision is a function of ionization degree as well as the ion density. Figure 2 is evaluated under the conditions; T e = 10 eV, n e = n i = 2 × 10 12 cm −3 , and n i + n n = 2 × 10 13 cm −3 . If a target plasma density n T = n e satisfies n e l σv /v b ≥ 1, the beam suffers sig- 
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nificant attenuation while passing through the length l of the plasma. In order to obtain a metastable fraction in the beam, at least the following condition should be satisfied for the metastable beam-component: n e l σv meta /v b ≥ 1. Required density is n e > 1 − 2 × 10 12 cm −3 because the plasma length achieved in a laboratory is of the order of one-meter. Such plasma is obtained by elongating high density helicon plasma along the beam line. The elastic collision is an undesirable process in terms of discriminating between the metastable and ground state beam-atom. Both neutral atoms and ions affect the elastic collision, while the charge exchange processes occur only in collisions with ion. Thus, a higher ionization degree of target plasma results in a more efficient charge exchange with the same elastic collision frequency, and is essential for a better S/N ratio in the measurement of the metastable population in the beam. Assuming 10 % of ionization degree, an operational gas pressure of about 0.1 Pa will be suitable for our experiment.
We choose helicon discharge for the plasma production method to achieve those conditions. Helicon discharge is known as a method which easily produces high density plasma with relatively low input power [10] [11] [12] [13] [14] . It has also been mentioned that the helicon plasma achieves a high ionization degree, which is an advantage for the target plasma of the beam-metastable population measurement.
Design of a Plasma Source
In order to achieve the plasma conditions evaluated in the previous section, a linear machine to produce a high density helicon plasma was designed and constructed at Tohoku University. It will be used as the main part of the diagnostic tool assisted by linear machine plasma for the helium atom beam (DT-ALPHA). A schematic of the DT-ALPHA device is shown in Fig. 3 . The total length of the device is about two meters. The DT-ALPHA device has 10 coils to produce a magnetic field with a one meter flat top region. The ripple of the magnetic field is suppressed below ±3 % in the flat top region. Five power supplies (not shown in the figure) are equipped for the magnetic field production; each power supply is connected to two coils. The power supplies can be controlled independently, which enabled us to change the magnetic field configuration while maintaining port accessibility. The strength of the magnetic field applied at the center of the DT-ALPHA device is up to B 0 = 0.2 T.
The vacuum chamber consists of a quartz pipe coupling an antenna to a plasma and a main chamber made of stainless steel. The inner diameter of the quartz pipe is 36 mm, which determines the plasma diameter. The main chamber has 20 ports to measure the plasma density profile and the beam attenuation. End-plates made of stainless steel with a 10 mm diameter aperture in the center are equipped in both the upstream manifold and the downstream manifold of the DT-ALPHA device. The end-plates are kept at the floating potential in order to suppress bipolar diffusion and to improve plasma confinement. They are also used to limit plasma elongation to keep the axial density profile simple while a beam passes through the aperture of the end-plates. Working gas controlled through the mass flow controller is fed from the upstream end-plate with a flow rate of up to 2.0 standard cubic centimeters per minute (sccm) for argon. Both ends of the DT-ALPHA device are equipped with turbo molecular pumps (TMPs). The upstream TMP suppresses back-streaming of the gas into the beam duct, which is essential for extracting a stable beam of helium atom. The downstream TMP, which mainly evacuates the main chamber, is only used in the present experiment. A pressure of 0.18 Pa is then achieved in the chamber, which is consistent with the pressure estimated from the conductance of the main chamber.
A helical antenna (l = 0.15 m) with a half wavelength is used, which efficiently excites an m = +1 mode of the helicon wave. A 13.56 MHz oscillator with 3 kW maximum power is connected to the antenna through a matching circuit. All these components are designed for steady state operation.
Measurements of the plasma parameters are performed using double probes installed in gauge ports (z = 0.98, 1.28, 1.58 m). The double probe consists of cylindrical molybdenum electrodes (0.6 mm in diameter, 1.3 mm in axial length) and insulating alumina pipes (1.5 mm in diameter). The distance between the two probe tips is 4 mm. The probe-bias voltage is scanned in a range of ±120 V using a bipolar amplifier. Radial profiles of the electron temperature and density are measured by shifting the probe position by shot.
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Experimental Result
In order to test helicon-plasma production and to clean the chamber wall by discharge, argon gas was used for the first plasma experiment. The gas pressure in the main chamber was kept at 0.18 Pa. The magnetic field was varied from B 0 =0.05 T to 0.16 T in the center of the plasma. The electron temperature and density in the center of the plasma were measured as functions of the RF input power, and are shown in Fig. 4 . A rapid increase of electron density is observed around the RF power threshold of 400-600 W, except for the lowest magnetic field case. At a higher RF power than the threshold power, the density is kept over 10 12 cm −3 and gradually increases with the RF power. The electron density of 3.4 × 10 12 cm −3 is achieved when the RF power is 2.8 kW and the magnetic field is 0.16 T. On the other hand, the electron temperature is almost constant around 5-10 eV, especially in the high power region after the rapid increase of the electron density. The results suggest that the RF input power acts as a control knob for the electron density, keeping the electron temperature almost constant. Because it is an advantage to keep the reaction rate of electron impact ionization unchanged, high density plasma production with an almost constant electron temperature is a preferable experimental condition.
The rapid increase of the electron density around the threshold power was investigated in various magnetic fields. The electron density is plotted as a function of the magnetic field in Fig. 5 . The closed (open) circle in the figure indicates the experimental data obtained with the RF power higher (lower) than that corresponding to the Fig. 4 Power dependence of electron density and temperature.
Argon gas pressure is p = 0.18 Pa.
rapid increase. The dispersion relation of a plane wave in a cold uniform plasma is calculated. That for the minimum wave number (k = 0.021cm −1 ) in the parallel direction, in which the half wavelength corresponds to the distance between the end-plates, is also plotted in Fig. 5 . The envelope of the minimum density over the rapid increase is matched with the dispersion relation of the helicon wave. When the parallel wave number increases (k > 0.021cm −1 ), the dispersion curve shifts upward. Thus, the rapid increase of the electron density suggests the discharge transition from the inductively coupled mode to the helicon mode. The radial profile of the electron density and temperature in the high density mode are shown in Fig. 6 . The density distributions have peaked profiles. More than 90 % of the maximum density is kept inside r ≤ 5 mm, the radius of which corresponds to the inspected beam radius. The density profile and characteristic radius are kept far from the antenna, although the peak density gradually decreases with the distance from the antenna. On the other hand, the radial profile of the electron temperature is kept almost uniform inside r ≤ 5 mm. The axial variation is also small. Sharp horns in the radial profile are observed at r 18-20 mm, where the electron temperature increases up to 15 eV. Because the position corresponds to the inner surface of the quartz tube, the sharp horns might suggest the existence of energetic electrons produced by a strong field by the antenna. However, we will conduct a detailed investigation of the electron energy distribution in a future study.
In order to evaluate the performance of the plasma as an attenuator of the helium neutral beam, the lineintegrated density in the DT-ALPHA device is calculated. The axial density profile used in the calculation is shown in Fig. 7 . The density profile is extrapolated from the peak 
where z 1 and z 2 are positions of the end-plates. The lineintegrated density is 3.0×10 14 cm −2 , which is twice as large as that evaluated in Sec. 2. The result demonstrates that the plasma produced in the DT-ALPHA device has sufficiently high line-integrated density to measure the metastable fraction in the helium neutral beam. However, producing such a high line-integrated density-plasma using helium gas is not as easy as using argon gas. Higher ionization potential is an expected cause. Improvement of the transmission of RF power and diffusion-loss reduction, which we will work on in a future study, will play important roles in producing a high line-integrated density-plasma even in helium discharge.
Summary
Attenuation of a helium neutral beam in a helium plasma was evaluated. In a beam-energy range of 30-300 keV, atomic processes causing electron stripping from a metastable helium atom has a more than one order larger reaction rate than that from a ground state atom. Thus, the beam attenuation in the plasma will become a suitable method to measure the metastable fraction in the helium neutral beam. In order to realize the beam attenuation in the plasma, a high density plasma source has been designed and developed. The first plasma was successfully produced in argon. Rapid increase of the electron density, which implies that the plasma is produced by helicon discharge, was observed when the RF input power increased. The line-integrated density of an argon plasma is 3.0 × 10 14 cm −2 , which is sufficient for the beam attenuation.
